Pro-inflammatory response of vascular smooth muscle cells (VSMCs) is triggered by endothelial damage and a causative step for thrombosis and neointimal thickening in the injured arterial vessels. Therefore, we investigate a role of cytosolic Hsp60 as a novel pro-inflammatory mediator in VSMCs.
Introduction
Endothelial layer in the arterial vessels protects the differentiated vascular smooth muscle cells (VSMCs) from the blood-origin harmful substances, such as cigarette smoke, microbial derivatives, and cholesterol-high low-density lipoproteins. Since these substances trigger the de-differentiation of VSMCs, the endothelial damage eventually leads to the intimal thickening. The arterial endothelium can be damaged by the disturbed blood flow or a balloon catheter used in the percutaneous transluminal angioplasty. When the damage occurs, inflammatory process is initiated by the recruited immune cells, such as monocytes/macrophages and T cells. The immune cells in the inflamed lesion produce growth factors and cytokines, such as PDGF and TNF-a, respectively. TNF-a induces the expression of proatherogenic genes, including cytokines/chemokines, as well as the cell survival genes through the activation of nuclear factor-kB (NF-kB) in VSMCs. 1 Therefore, the suppression of such initial inflammatory response can be the best strategy for preventing thrombosis and neointimal thickening while endothelium is recovered. NF-kB is inactivated by associating with the inhibitor of kB (IkB) in a resting state. The phosphorylation of IkB protein in response to proinflammatory stimulation leads to the subsequent liberation of NF-kB proteins, which then translocates into the nucleus and initiates the transcription of their target genes. 2, 3 The IkB kinase (IKK) responsible † B.C., M.C., C.P., and E.K.L. contributed equally to this work. ‡ Present address. Wide River Institute of Immunology, Seoul National University College of Medicine, Hongchun 250-812, Korea.
for the phosphorylation of the IkB protein is the core kinase in NF-kB signalling. 4 -7 The IKK complex is composed of the two catalytic subunits, IKKa and IKKb, and a regulatory subunit IKKg (NEMO). IKKa and IKKb are highly homologous kinases, whereas IKKg mediates the interaction of IKK complex with a polyubiquitin chain on receptor-interacting protein 1 (RIP1) upon stimulation via a C-terminal leucine zipper motif. 8, 9 Numerous studies have shown that the IKK complex ( 900 kDa) contains several additional components that interact with the IKK in a stimulation-dependent or -independent manner. Those IKK-interacting proteins include Cdc37/Hsp90, 10, 11 Hsp70, 12 protein phosphatase 2Cb (PP2Cb), 13 and ELKS. 14 Since we found the cytosolic Hsp60 as a new IKK-binding protein in cancer cells, 15 we have explored the role of cytosolic Hsp60 in vascular cells. In this study, we show that the depletion of cytosolic Hsp60 abolished the TNF-a-induced activation of IKK/NF-kB pathway in VSMCs. Next-generation RNA sequencing reveals that the expression of several pro-inflammatory cytokines/chemokines is regulated in vitro and in vivo by cytosolic Hsp60. Hence, the result implies that selective depletion of cytosolic Hsp60 may be a useful means for alleviating the inflammatory response of VSMCs in the injured vessels.
Methods

Reagent
Antibodies against IKKg (FL-419), Hsp60 (K-19), and IkBa (C-21) were purchased from Santa Cruz Biotechnology (USA); mouse monoclonal antibodies against a-tubulin and butylated hydroxyanisole (BHA) were obtained from Sigma Aldrich; antibodies against phospho-IKK, IKKa, IKKb, phospho-IkBa, and caspase-3 were from Cell Signaling Technology; Antibodies to Prx III and manganese-superoxide dismutase (MnSOD; 2AI) were obtained from AbFrontier (Seoul, Korea); antibody to CCL20/ MIP-3a for immunohistochemistry was purchased from Atlas Antibodies (Stockholm, Sweden); recombinant human TNF-a was purchased from Invitrogen (Grand Island, NY, USA); The phosphorothioate oligodeoxynucleotides (ODNs), including the antisense and sense sequences, were synthesized by Hokkaido System Sciences Co. (Hokkaido, Japan). The ODN sequences are 5
for AS-5. The S-ODN sequence is 5 ′ -CCCCGCAGAAATGCT-3 ′ , where the start codon is underlined.
Animals and human specimen
Animal studies were performed in compliance with the guidelines of Institutional Animal Care and Use Committee (IACUC) of Ewha Womans University and conformed to Guide for Care and Use of Laboratory Animals published by the US National Institutes of Health (The National Academies Press, 8th Edition, 2011). The 10-week-old male Sprague -Dawley rats (Charls River, USA) were used for a balloon-induced injury model. The animal experiments for main and Supplementary figures were repeated twice and three times, respectively. The detailed group sizes in each experiment are described in the figure legends.
Paraffin sections of human carotid arteries with the thickened intimal lesions were purchased from Origin Technologies (Rockville, USA) and subjected to the immunohistochemistry as briefly described in Supplementary Material. 16 
Cell culture and transfection
Human aortic vascular smooth muscle cells (HASMCs) were purchased from Clonetics-BioWhittaker (Venders, Belgium) and grown at 378C in a humidified incubator containing 5% CO 2 in Smooth Muscle Cell Basal Medium (SmBM TM ) SingleQuotes w with 10% fetal bovine serum and full supplements (Clonetics-BioWhittaker; Cat no. cc-4149). The cells in initial stocks (passage 3) were amplified and used for the study at passage 7 showing a typical synthetic phenotype and active proliferation.
The ODNs (200 nM, unless indicated) was transfected for 24 h using Oligofectamine TM reagent (Invitrogen). The plasmid transfection was achieved using the Cell Line Nucleofactor w Kit V (Amaxa GmbH, Cologne, Germany), according to the manufacturer's instruction.
Measurement of mitochondrial reactive oxygen species
Mitochondrial reactive oxygen species (ROS) level was assessed with an oxidation-sensitive MitoTracker w Red dye, chloromethyl derivative of dihydro-X-rosamine (CM-H 2 XRos, Molecular Probes, USA). The HASMCs 
Balloon-induced carotid injury and histological analysis
A balloon injury was created using an infiltrated 2F Fogarty balloon embolectomy catheter in the left common carotid artery as previously described: 16 the rats were anaesthetized by inhalation of isoflurane gas (N 2 O : O 2 /70% : 30%); the left external carotid artery was exposed; and its branches were electro-coagulated. A catheter was pushed 1 cm through the transverse arteriotomy of the external carotid artery, and the endothelial denudation was achieved by three passes along the common carotid artery. After removal of the catheter, the punched area was sealed and the clapped common carotid artery was opened to resume the blood flow. The rats were then recovered in the cages for 10 days. For histological analyses, rats were anaesthetized and the common carotid arteries were excised after transcardiac perfusion-fixation with heparinized saline containing 3.7% formaldehyde. The vessels were paraffin-embedded and sectioned by a rotary microtome (Leica RM2255). The two serial tissue sections (4 mm in thickness) were obtained from the middle area of common carotid arteries and stained with haematoxylin and eosin (HE). The luminal, internal elastic laminal, and external elastic laminal areas were measured using NIH Image v1.62. The intimal and medial areas were determined by subtraction of the luminal area from the internal elastic area and by subtraction of the internal elastic area from the external elastic area. The values from two serial sections per rat were averaged for analysis.
Catheter-mediated intramural delivery of ODNs into the carotid artery
The transfection pre-mix was prepared by mixing ODNs (200 nM) with siPORT TM NeoFX TM reagent (Ambion). The common carotid arteries were balloon-injured, briefly washed with Opti-MEM, and then administered with the transfection pre-mix (200 mL) through the catheter. The transfection proceeded for 30 min before the blood flow is resumed. The intramural transfection efficiency was confirmed using a FITC-conjugated control ODN (see Supplementary material online, Figure S2 ).
mRNA sequencing
Four samples of the S-ODN and AS-ODN-transfected VSMCs before and after TNF-a induction were prepared for high-throughput mRNA sequencing (mRNA-Seq). Total RNA of 1 mg was extracted from each sample and the mRNA library (insert size of 300 bp) was created using the Cytosolic Hsp60 regulating VSMC hyperplasia TruSeq RNA Library Preparation kit v2 (Illumina). Paired-end transcriptome sequencing (101 bp read length) was performed on Illumina HiSeq 2000. The number of reads for each sample ranged from 24.2 to 28.1 million. The raw sequencing data were deposited in the GEO database (accession no. GSE65354).
Transcriptome analysis for Hsp60-dependent genes
RNA-Seq data were aligned to the human genome (GRCh37 from Ensembl) using TopHat 2.0.9 after standard quality check and trimming with FastQC and Trimmomatic v0.3, respectively. The mapping rate of reads was between 92.6 and 94.1%. Cufflinks v2.1.0 was used to estimate the transcriptome abundance for Enembl mRNAs (version 70). Differentially expressed genes (DEGs) were identified using Cuffdiff with the P-value cut-off of 0.05. We applied the following four conditions to identify Hsp60-dependent genes on TNF-a treatment-(i) DEGs and log 2 (FC) ≥0.7 in S-ODNtransfected cells before and after TNF-a treatment, (ii) DEGs and log 2 (FC) ≤ 20.7 in TNF-a-treated cells between S-ODN-and AS-1 ODNtransfected cells, (iii) the induction level of TNF-a treatment in S-ODNtransfected cell 1.5 times greater than that in AS-1 ODN-transfected cell, and (iv) the maximum value of expression among four cells .3 in FPKM (fragments per kb of exon per million fragments mapped) to avoid genes with low expression below noise level. The number of transcripts satisfying each condition was 774, 1678, and 21 036, respectively, for the first three conditions, yielding 123 transcripts in total. After applying the lowexpression filter condition (iv), we obtained 75 genes as the final Hsp60-dependent genes on TNF-a induction. This full list of genes is provided in Supplementary material online, Table S1 , with the gene expression values in FPKM.
Statistical analysis
Unless stated otherwise, the data were analysed with either Student's t-test for comparisons between two groups or two-way ANOVA with Tukey's 'honestly significant difference' post hoc test for multiple groups containing two variables (SPSS 12.0K for Windows, SPSS, Chicago, IL, USA). A value of P , 0.05 was considered to be statistically significant.
Results
Positive regulation of IKK by cytosolic Hsp60 in VSMCs
To see whether the Hsp60 is present in the cytosol of VSMCs, we examined the Hsp60 level in the subcellular fractions. Like in cancer cells, VSMCs also contained a certain amount of Hsp60 in the cytosol ( Figure 1A , lanes 1 and 2). It has been shown that the cytosolic Hsp60 is selectively depleted by transfecting the antisense oligodeoxyribonucleotides (AS-ODN) complementary to the Hsp60 mRNA. 15,17 -19 To further verify the AS-ODN effect specific to Hsp60, additional AS-ODNs were designed and tested for the TNF-a-induced NF-kB activation. All the AS-ODNs complementary to the Hsp60 sequence significantly reduced the NF-kB activation, whereas the AS-ODN #1 (AS-1) complementary to a sequence including the start codon of the full-length Hsp60 mRNA was most effective (see Supplementary material online, Figure S1 ). Indeed, the AS-1 ODN effectively depleted the cytosolic Hsp60 without affecting the level of mitochondrial Hsp60 in VSMCs ( Figure 1A) . Thus, the AS-1 ODN was mainly used for this study, and the corresponding sense ODN (S-OSN) was used as a control.
We then examined whether the depletion of cytosolic Hsp60 affects TNF-a-induced IKK activation in VSMCs. The in vitro kinase assay showed that the AS-1 ODN transfection markedly reduced the IKK activation in response to TNF-a by 62%, whereas the S-ODN transfection had no effect ( Figure 1B) . The IKK phosphorylation at the T-loop, which is critical for the full IKK activation, was also reduced by the AS-1 ODN ( Figure 1C) . Furthermore, the IkB phosphorylation representing the endogenous IKK activity was also significantly reduced by the AS-1 ODN transfection, which resulted in the retarded degradation of IkB proteins ( Figure 1D) . The results indicate that the cytosolic Hsp60 plays a noticeable regulatory role in TNF-a-induced IKK activation in VSMCs. The serum-free conditioned media of HASMC culture were collected after TNF-a treatment for 12 h and subjected to the ELISA assay in duplicate determinations. Data in the graph are means + SD of CCL20 concentration (n ¼ 5, *P , 0.001). (E) Chemotactic migration of monocytes induced by the VSMC-secreted factors. The monocyte migration was measured using the CytoSelect TM 24-well cell migration assay system (Cell Biolabs, Inc., USA) according to the manufacturer's protocol. The human monocytic U937 cells were plated on the upper chamber and the conditioned media from the ODNtransfected VSMC culture were added into the lower chamber. After 48-h incubation, the migrated cells were counted with a CyQuant w GR fluorescent dye. Data in the graph are means + SD of fold increase vs. unstimulated S-ODN cells in the relative fluorescence units representing the cell number (n ¼ 5, *P , 0.0001).
Cytosolic Hsp60 regulating VSMC hyperplasia
Selective depletion of Hsp60 regulates the VSMC survival via the NF-kB-dependent gene expression
We next analysed the transcriptional activation of NF-kB in ODNtransfected VSMCs using a NF-kB-luciferase reporter plasmid that harbours tandem repeats of an IFN-b-derived enhancer sequence. The AS-1 ODN transfection markedly reduced the NF-kB transcriptional activity induced by TNF-a stimulation (Figure 2A) . Since the cytosolic Hsp60 was shown to regulate some of anti-apoptosis genes, including Bfl-1/A1 and MnSOD in cancer cells, 15 we subsequently measured the expression of those anti-apoptotic genes in VSMCs by a quantitative real-time PCR. As a result, both Bfl-1/A1 and MnSOD inductions were suppressed by the AS-1 ODN transfection compared with the S-ODN transfection ( Figure 2B ). As seen in cancer cells, the cIAP2 expression was not affected by the depletion of cytosolic Hsp60 in VSMCs. Consistent with the mRNA level, the protein level of MnSOD was also reduced by the AS-1 ODN transfection ( Figure 2C ). Since MnSOD is a mitochondrial superoxide dismutase, we measured the level of ROS in mitochondria using a mitochondrial-targeted superoxide sensor, chloromethyl derivative of CM-H 2 XRos. The AS-1 ODN transfection induced an increase in the mitochondrial superoxide level in a TNF-a-dependent manner ( Figure 3A) , confirming the regulation of the MnSOD expression by cytosolic Hsp60. Since the robust increase of mitochondrial ROS can lead to cell death, 20 we performed the caspase-3 and TUNEL assays in ODN-transfected VSMCs. Indeed, the AS-1 ODN transfection induced the caspase-3 activation and apoptotic cell death in TNF-a-stimulated cells ( Figure 3B -D) . It is worth noting that the AS-1 ODN transfection alone elicited an increase in the mitochondrial ROS, caspase-3 activity, as well as apoptosis. The TNF-adependent apoptosis induced by the depletion of cytosolic Hsp60 was diminished by a general antioxidant compound BHA ( Figure 3C and D) , which strongly supports the involvement of mitochondrial ROS in apoptosis. Collectively, the results imply that cytosolic Hsp60 is required for the survival of VSMC.
Quantitative RNA-Seq and network analyses reveal key regulatory modules and cellular processes associated with cytosolic Hsp60 in VSMCs
To obtain a global unbiased picture of regulatory roles of cytosolic Hsp60 in VSMCs, we performed high-throughput mRNA-Seq for the ODN-transfected VSMCs treated with or without TNF-a. Through a careful analysis and filtering process described in the Methods section, we obtained 75 genes that were significantly (P , 0.05) induced by TNF-a and then repressed by AS-1 ODN transfection (see Supplementary material online, Table S1 ). The two survival genes, Bfl-1/A1 and SOD2, were included in the list of genes, supporting that the mRNASeq was accurate.
We then built a functional interaction (FI) network among 75 Hsp60-dependent genes using a Reactome_FI plugin (2012 version) of Cytoscape (version 3.0.2). The resulting network includes 250 FIs among 75 genes ( Figure 4A) . Gene set analysis for terms of biological processes (BP) from gene ontology (GO) consortium reveals antiapoptosis, inflammatory response, NF-kB cascade signalling, Toll signalling, and IL signalling as over-represented terms ( Table 1) . A full list of enriched GO BP terms is available in Supplementary material online, Table S2 . Highly interconnected regions in a network often represent coherent regulatory modules. Indeed, we identified two network modules using MCODE (version 1.4.0) as shown in coloured symbols. The blue cluster represents the central BP including anti-apoptosis (CEBPB, BCL2A1, IL1B, and NFKB1), inflammatory response (AKT, IL6, CEBPB, and NFKB1), and IL-6-mediated signalling (IL6 and STAT3). The yellow cluster is enriched with TRAFs, and the related adaptor genes associated with the cytokine receptor in the NF-kB activation pathway.
We then constructed a core gene network centred by the two highly interconnected modules ( Figure 4B ). The resulting network clearly revealed a set of cytokine/chemokine genes, which are possibly involved in the inflammatory process after vascular injury. Therefore, we examined the expression of these Hsp60-dependent cytokine/ 94  10  3.33E204 NFKB1, IL1B, RELA, UBC, RIPK2, TRAF1, TRAF2, TRAF6, IL6, TAB2   Negative regulation of cell proliferation 306  16  5.00E204 PTGES, IL1B, TP53, INHBA, TFAP2A, SMARCA2, CXCL1, SRF, LIF, NKX3-1,  COL18A1, IL6, BMP2, IL8, SOD2, ETS1   I-kB kinase/NF-kB cascade  37  5  5.24E204 TIFA, UBC, RIPK2, TRAF6, TAB2  Inflammatory response  239  16  1.00E203 NFKB1, AKT1, IL1B, TNIP1, RELA, RIPK2, CXCL1, CCL2, BDKRB1,  BDKRB2, CXCL6, CCL20, IL6, BMP2, CEBPB, IL8  IL6-mediated signalling pathway  6  2  2.34E202 IL6, STAT3 chemokine genes in vitro and in vivo by a quantitative real-time PCR. The four cytokine/chemokine genes (IL-6, IL-8, CCL2, and CCL20) were markedly induced by both TNF-a and lipopolysaccharide (LPS), the latter activating NF-kB via Toll-like receptor 4. However, the only TNF-a-dependent induction was significantly suppressed by the AS-1 ODN transfection ( Figure 4C ). This result indicates that the regulation of cytokine/chemokine expression by cytosolic Hsp60 was TNF-a-specific. In addition, the TNF-a-induced secretion of CCL20 proteins was reduced by the AS-1 ODN transfection ( Figure 4D ), a direct evidence proving that the cytosolic Hsp60 regulates the chemokine production in the VSMCs. To further support that the VSMC-derived chemokines are involved in the immune cell recruitment, we measured the chemotactic migration of monocytes using conditioned media from the ODN-transfected VSMCs. Indeed, the conditioned media from the AS-ODN-transfected VSMCs triggered monocyte migration much less than that from the S-ODNtransfected cells ( Figure 4E) . Overall, the transcriptome analysis demonstrates a novel cellular function of cytosolic Hsp60 related to the cytokine/chemokine expression and inflammatory immune response in VSMCs.
Inhibition of neointimal thickening in the injured vessels by depletion of cytosolic Hsp60
Next, we examined the VSMC-specific function of cytosolic Hsp60 in vivo using a balloon-induced injury of carotid artery. In this model, the balloon injury causes denudation of endothelium and thus results in the activation of VSMCs by pro-inflammatory factors, such as TNF-a, released from the recruited monocytes and platelets. Therefore, NF-kB plays an important role in the survival and pro-inflammatory response of VSMCs in the injured vessel wall. 21 -23 The ODNs were transfected to the vessel wall after a balloon injury via a catheter-mediated intramural delivery (see Supplementary material online, Figure S2 ).
To confirm the Hsp60 silencing in vivo, we measured the expression of cytosolic Hsp60 in control and injured carotid vessels. The carotid vessels were excised from control and injured rats and then subjected to the subcellular fractionation. The immunoblot assay using cytosolic fraction showed that the cytosolic Hsp60 level was increased by a balloon injury in a recovery time-dependent manner, which was strongly abolished by the AS-1 ODN ( Figure 5A ). This evidence indicates that the cytosolic Hsp60 is efficiently silenced by the AS-1 ODN in vivo. Although the balloon injury induces a dramatic increase in the cytosolic Hsp60 level, the Hsp60 was undetectable in the blood samples from the injured rats (data not shown). This ruled out the possibility that the extracellular Hsp60 contributes to the balloon injury-induced vascular thickening. The histological analysis of the injured carotid tissue sections showed that the AS-1 ODN drastically prevented the neointimal thickening induced by a balloon injury compared with mock and the S-ODN ( Figure 5B) . Then, the TUNEL staining demonstrated that the AS-1 ODN resulted in a dramatic increase of apoptotic cell death in the neointimal layer ( Figure 5C ), indicating that the depletion of cytosolic Hsp60 results in the VSMC apoptosis in vivo. Furthermore, we observed that the three chemokine genes, CCL20, CCL2, and IL-6, were markedly induced by a balloon injury (see Supplementary material online, Figure S3 ). Then, the AS-1 ODN transfection significantly reduced the expression of the three chemokine genes ( Figure 5D ). This result indicates that the cytosolic Hsp60 may regulate the inflammatory response in vivo. In particular, the CCL20 proteins were highly expressed in the human carotid vessels with a thickened neointimal lesion compared with the normal arterial vessels ( Figure 6 ). Since the CCL20 expression was accumulated in the neointimal lesions, this evidence suggests that the regulation of the chemokine expression by cytosolic Hsp60 in VSMC is relevant to the human vascular thickening. Taken together, the in vivo data imply that the cytosolic Hsp60 may be a new mediator of the survival and inflammatory response of VSMCs in the injured aortic vessels.
Discussion
NF-kB is the key transcription factor in immune and survival processes, and hence its persistent activation is a trademark of chronic inflammatory diseases like cancer and atherosclerosis. 1, 24, 25 Thus, targeting the IKK/NF-kB pathway has received attention for many years by researchers involved in the anti-inflammatory therapy. However, the long-term inhibition of IKK/NF-kB activation may cause adverse effects, such as immune deficiency or cytotoxicity, which limit its potential as a druggable target for treating inflammatory disorders. 26, 27 In this context, our previous discovery of cytosolic Hsp60 as an additional IKK interactor is significant in terms of providing a new target for controlling the NF-kB activation. 15 At the time we characterized the NF-kB transcriptome in cytosolic Hsp60-depleted cancer cells, we observed a regulation of only several survival-related genes among the numerous target genes. This unexpected outcome led us to hypothesize that the cytosolic Hsp60 may be a selective NF-kB modulator capable of manipulating a subset of target genes in a cell type-specific manner. To test the hypothesis, we chose VSMCs pathophysiogically relevant to the inflammatory vascular diseases like atherosclerosis. 28 The primary human aortic
VSMCs contained the Hsp60 proteins in the cytosol, and such cytosolic Hsp60 promoted the IKK/NF-kB activation induced by TNF-a. As is the case in cancer cells, 15 the cytosolic Hsp60 positively regulated the induction of the NF-kB-dependent survival genes, Bfl-1/A1 and MnSOD, and thereby suppressed the intrinsic apoptotic pathway. It has been shown that the MnSOD haploinsufficiency induced the increased mitochondrial stress and apoptosis in mice. 29 However, the specific knockdown of MnSOD in the balloon-injured rat carotid artery was shown to promote the neointimal hyperplasia via the VSMC proliferation and migration. 30 Such discrepancy among the studies including us may be due to the MnSOD level. In our study, the MnSOD level was decreased in about half by the Hsp60 AS-ODN transfection, similar to the MnSOD haploinsufficiency. Bfl-1/A1 is also known to be an important survival factor in VSMCs. 31 Therefore, our data for the first time show that the cytosolic Hsp60 can be crucial for the VSMC survival in the presence of proinflammatory cytokine TNF-a ( Figure 7) . Furthermore, the quantitative transcriptome analysis by next-generation mRNA-Seq elicits a new panel of Hsp60-responsive NF-kB target genes, those including inflammatory cytokines/chemokines such as CCL2, CCL20, and IL-6. The CCL2/MCP-1 and IL-6 are known to be involved in the macrophage infiltration in the inflamed lesions of many inflammatory diseases such as obese and atherosclerosis. 32 -35 The CC chemokine CCL20 (alternatively known as LARC/MIP-3a/Exodus-1) recruits T-lymphocytes and dendritic cells expressing the receptor CCR6 36 and a type of dendritic cells play an inhibitory role in atherosclerosis. 37 It has been shown that the CCL20 expression is increased in the human atherosclerotic lesions. 38 We also show the increased CCL20 expression in the lesion of the thickened carotid vessels from patients. Therefore, our study Figure 7 Proposed model for the role of cytosolic Hsp60 in TNF-a-induced, NF-kB-dependent gene expression in VSMCs. Hsp60 is associated with the IKK complex in the cytosol and assists the phosphorylation-dependent activation of the complex upon TNF-a stimulation. The activated IKK phosphorylates its substrate IkB, which is in turn degraded by ubiquitination. The liberated NF-kB translocates into the nucleus and enhances the transcription of selected pro-survival and pro-inflammatory gene set in VSMCs. Conclusively, the cytosolic Hsp60 regulates the cell survival and pro-inflammatory responses in VSMCs via the IKK/NF-kB pathway, which promotes the neointimal thickening in the injured vessels.
clearly provides evidence that these important chemokines implicated in the inflammatory vascular diseases are actually controlled by cytosolic Hsp60 during the SMC hyperplasia after injury ( Figure 7) . We emphasize the efficacy of a short AS-ODN, which depletes cytosolic Hsp60 without affecting its mitochondrial pool, as a potential therapeutics because the depletion of total Hsp60 using specific smallinterfering RNA had no effect on the activation of IKK/NF-kB pathway. Although we performed the ODN experiments via oligofectamine TM transfection, we acknowledge that it is the best to deliver the AS-ODNs without artificial carrier for clinical application. Indeed, a flow cytometric analysis demonstrated that the AS-1 ODN can be introduced into the cells without a carrier (see Supplementary material online, Figure S4) . Furthermore, the AS-ODNs activated neither human nor mouse form of the CpG-specific Toll-like receptor TLR9. Thus, we believe that the AS-ODNs specific to Hsp60 can be developed as a new therapeutic agent for preventing the abnormal VSMC hyperplasia following vascular injury.
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